Highly homogeneous transparent titania gels have been successfully prepared from titanium alkoxide by a sol-gel method utilizing chelating agent, ethyl acetylacetate (EtAcAc), in the presence of strong acid anions. Only catalytic amount of a strong acid anion suppress the rapid hydrolysis of titanium alkoxide by blocking the nucleophilic attack of HO − and H 2 O, and the resultant moderate sol-gel reactions thus afford homogeneous gelation, leading to transparent monolithic titania gels. Gelation time can be widely controlled by changing amounts of water, chelating agent and salt. The ability of salts to suppress the too abrupt sol-gel reactions is strongly dependent on the electronegativity of anions and valence of cations. With employing NH 4 NO 3 as a suppressing electrolyte, the obtained titania gels can be converted to pure TiO 2 by simple washing and heat-treatment, and transformations to anatase and rutile structures were found to start at 400 and 600 °C, respectively.
Introduction
Titanium dioxide, TiO 2 , has received much attention as material for many applications in the field of separation media [1] [2] [3] , catalysts [4] [5] [6] and electrodes [7] [8] [9] [10] [11] due to its unique physical and chemical properties, such as high refractive index, high dielectric constant and photocatalytic activities [12, 13] . For the higher performance of these applications, it is necessary to control the material shape of TiO 2 into desired ones such as powder, fibers, films and monoliths. To achieve this flexible control of shapes, sol-gel reactions based on titanium alkoxides have been widely investigated and preparations of TiO 2 powders and films have been widely reported [14] [15] [16] [17] [18] . There are also reports on the preparation of monolithic titania composite systems such as TiO 2 -SiO 2 [19] [20] [21] [22] . However, it is well known that pure TiO 2 monoliths are difficult to synthesize by the sol-gel method due to the too high reactivity of titanium alkoxides. The Ti atoms in titanium alkoxide Ti(OR) 4 is too susceptible to the nucleophilic attack of water or other nucleophilic molecules because of the relatively large difference of electronegativity between Ti and O which makes Ti have more positive partial charge, and of coordinatively unsaturated valence state of Ti which allows nucleophilic addition to stabilize into the octahedral coordination. The too high reactivity makes it difficult to form monolithic gels which require homogeneous gelation of the whole starting solution by the moderate progress of 3 polycondensation. In other words, titanium alkoxides with too high reactivity normally form particles and precipitate in the reacting solution.
Yoldas prepared titania gel monoliths from titanium alkoxide by the sol-gel method under strongly acidic conditions for the first time [23] . After that, there were some reports on the preparation of alkoxide-derived sol-gel titania gel monoliths by using strong acid [24, 25] . This method utilizes electrostatic repulsion to suppress the rapid condensation, i.e. protonated hydroxyl groups in the hydrolyzed titanium alkoxide hinder the nucleophilic attack toward positively charged Ti ions in such conditions. In addition, alkoxy-derived oligomers grown by the gradual condensation are positively charged as well and stabilized by the electrostatic repulsion. However, the use of strong acids is indispensable in this method. Therefore, it was impossible to prepare titania gels in a metal vessel and titania films on a metal substrate by this method. In another report, slow hydrolysis was achieved by slowly providing water for hydrolysis which is generated as the by-product of a slow esterification reaction between carboxylic acid and alcohol [26, 27] . This method does not require the strong acids, however, it takes substantial time (10-100 h) to obtain a transparent monolithic gel. Therefore, the better control of the homogeneous gelation of titanium alkoxide in a milder condition has been strongly desired.
In this work, we tried to prepare transparent titania gels in a nearly neutral condition by the sol-gel method utilizing a chelating agent which coordinates with titanium alkoxide to attain the better control of the gelation. The chelating method has been utilized to slow down the hydrolysis and to prepare titania films and glass composites [28] [29] [30] . However, in our preliminary experiments, this method employing ethyl acetylacetate (EtAcAc) has been proved to be inadequate for obtaining monolithic gels since the precursor sol must be concentrated to obtain monolithic gels and in such a concentrated sol, the reaction was too abrupt to be adequately controlled. In addition to the use of the chelating agent, we found that only catalytic amounts of some kinds of simple anions are significantly effective to obtain transparent titania gels by well-controlled hydrolysis and condensation reactions. Moreover, the gelation time is typically only a half or a few hours and can be widely controlled by varying the starting compositions.
There are some reports on that anions affect the evolving particle morphology and stability in the sol-gel systems by competing with aquo ligands for coordination to the metal centers [31] . In addition, Mir et al. tailored transparent monolithic titania gels in the presence of PrCl 3 ·H 2 O to dope Pr 3+ in titania gel monoliths [27] .
However, in their method, the water for hydrolysis was released by esterification of acetic acid with methanol and from PrCl 3 ·H 2 O. In our method, the sol-gel reaction of titanium alkoxide can be triggered by the simple addition of an aqueous solution of mineral salt. In this report, the reaction mechanism including the role of anions in the sol-gel reaction is discussed by investigating the relationship between the starting compositions and the gelation behaviors such as gelation time and the appearances of the resultant monolithic gels. The chelating agent and anions can be removed by simple heat treatment and the titania gels can be crystallized into anatase and rutile TiO 2 .
Experimental
The reagents used in this study are titanium (IV) n-propoxide (Ti(OPr) 4 , Sigma-Aldrich Co. (USA)), 1-propanol (PrOH, Tokyo Chemical Industry Co., Ltd.
(Japan)), ethyl acetylacetonate (EtAcAc, Tokyo Chemical Industry Co., Ltd. First, given amounts of Ti(OPr) 4 , PrOH and EtAcAc were mixed in a glass tube in the listed order. After stirring for 30 min, the transparent light yellow solution was ice-cooled followed by slowly addition of various aqueous solutions of salts.
After stirring for 5 min at 0 ºC, the obtained yellow solution was left at 40 °C in an oil bath to allow gelation. The obtained gels were dried at 60 °C for 48 h.
The gelation time was defined when solution loses fluidity.
Thermal analysis (TG-DTA) was performed on the dried sample with Thermo plus TG 8120 (Rigaku Corp., Japan) at a rate of 5 °C·min −1 while continuously supplying air at a rate of 100 mL·min −1 . The X-ray diffraction patterns of the samples were recorded by RINT-Ultima III (Rigaku Corp., Japan) with Cu Kα radiation. The FT-IR spectra were recorded on FTIR-8300 (Shimadzu, Japan) using ground samples which were mixed with KBr to give a 2 wt % sample. A total of 100 scans were recorded with a resolution of 2 cm −1 . Table 1 shows the obtained titania gel appearances prepared with various mineral salts. It was found that transparent titania gels were obtained in the presence of Cl − , Br − , I − and NO 3 − and that the cation types gives almost no influence on the obtained gel appearance. Except for the fluoride and sulfate 6 salts, strong acid salts influence the reaction while weak acid salts have no influence on the reaction. Table 2 shows the gelation time of Ti(OPr) 4 prepared in the presence of various chloride salts at the same concentration of chloride anions. It is found that there is a little difference among the gelation times. The gelation time increases in the order of KCl < CaCl 2 < AlCl 3 . In the case of NH 4 Cl, the gelation time was somewhat longer than KCl and nearly equal to CaCl 2 . Next, the effect of various anions on the gelation of Ti(OPr) 4 was investigated by using various potassium salts at the same concentration of anions shown in Table 3 . It is found that the gelation time became longer in the order of I − < Br − < Cl − < NO 3 − . Comparing Table 2 with Table 3 , it was found that the anions have a larger effect on the gelation time than cations. The effect of the amount of EtAcAc on the gelation time is shown in Figure 2 and Table 4 . In this study, the amount of EtAcAc increased with simultaneously decreasing the amount of PrOH to equalize the volume of the whole solutions. It is found that the gelation time became longer as the amount of EtAcAc increased.
Results
However, in the compositions with relatively large amounts of EtAcAc, the gelation time became a little shorter. This is because EtAcAc acts only as a bidentate ligand and excess EtAcAc gives no effect on the gelation behavior.
Moreover, the large amounts of EtAcAc make the solubility of H 2 O poorer and the hydrolysis occurs more rapidly as soon as H 2 O is added whereas the reason is unknown.
The effect of the amount of H 2 O on the gelation is shown in Figure 3 . It should be noted that the gelation time dramatically increased with decreasing the amount of H 2 O. In addition, when only 2.5 equivalent of H 2 O to Ti(OPr) 4 was added, the gelation did not occur in a couple of weeks. Figure 4 shows the appearance of the obtained gels prepared with different amounts of NH 4 Cl. Addition of only 0.5 mol % of NH 4 Cl to Ti(OPr) 4 enables to obtain almost transparent titania gels and 0.75 mol % of NH 4 Cl is enough to obtain highly homogeneous titania gels. Figure 5 shows the TG-DTA curves of the dried gels. In order to identify the weight decreases and the exothermal peaks, the dried samples prepared from different concentration of EtAcAc were investigated. The weight decrease at around 400 °C increases with increasing amounts of EtAcAc. In addition, the X-ray diffraction (XRD) patterns and FT-IR spectra of the heat-treated samples were also obtained to investigate the reaction of the gels during the heat-treatment as shown in Figure 6 and Figure 7 , respectively. According to the XRD patterns shown in Figure 6 , the samples heat-treated below 300 °C were identified as being in the X-ray amorphous state.
After the heat-treatment at 400 and 500 °C, the samples exhibit XRD patterns of the anatase crystal structure. The XRD patterns of rutile phase starts to appear in the sample heat-treated at 600 °C and only the XRD patterns of rutile phase is observed at 700 °C. In Figure 7 
Discussions
The chelating agent EtAcAc is known to make complex with Ti by donating oxygen lone pairs to the empty d orbital of Ti and reduce the hydrolysis rate of titanium alkoxide [33] . However, not homogeneous transparent titania gels but opaque gels are obtained by hydrolysis and polycondensation reactions even in the existence of EtAcAc due to the significantly rapid condensation reaction after hydrolysis. Therefore, the acid anions, I − , Br − , Cl − and NO 3 − , play an important role in the homogeneous gelation observed in this study. According to the previous reports [27] , it was supposed that the chloride anions participate in the Ti complexation or act as a Lewis base catalyst for sol-gel condensation but there was no further investigation. Therefore, here we discuss the role of anions in the gelation of Ti(OPr) 4 as follows.
The sol-gel reaction of titanium alkoxide includes two steps; hydrolysis of titanium alkoxide and polycondensation. In the co-presence of EtAcAc, titanium alkoxide is chelated as shown in Scheme 1 and hence the hydrolysis is suppressed.
Therefore, when H 2 O was added to the mixture of titanium alkoxide and EtAcAc,
we can obtain homogeneous clear yellow solution with avoiding the abrupt progress of hydrolysis and polycondensation of titanium alkoxide. However, the chelated titanium alkoxide is still susceptible enough to be hydrolyzed and polycondensed, and resulted in the formation of relatively large particles as shown 9
in Figure 4 (a) though the obtained gel is monolithic. The hydrolyzed and partially condensed Ti atoms become more reactive to nucleophilic attack than the sites where Ti atoms are less hydrolyzed and condensed because the former is more electron deficient than the latter [34] . Then, the reaction takes place locally and heterogeneously, i.e. hydrolyzed and condensed species continue to react more whereas unreacted species remain. On the other hand, in the presence of both EtAcAc and strong acid anions, homogeneous and transparent titania gels are obtained as shown in Figure 4 obtain transparent titania gels, we propose the whole reaction mechanism as follows. First, Ti(OPr) 4 chelated with EtAcAc is hydrolyzed to some extent and the polycondensation starts as soon as the aqueous solution of salt is added as shown in Scheme 2 [34, 35] . This mechanism is supported by the fact that the Based on the mechanism as described above, the reason why some anions cannot suppress the hydrolysis reaction is explained. In the case of the weak acid salts, one of the reasons for the lack of the suppression ability is that the amount of dissociated weak acid anions is too small. The weakly basic condition of the aqueous solution of weak acid salt should be another reason because the hydrolysis of titanium alkoxide takes place more rapidly in alkaline solution. In the case of SO 4 2− , which is known to coordinate to Ti atoms [36, 37] , polycondensation is accelerated and resulted in heterogeneous opaque titania gels which are partially sulfated. Meanwhile, F − is well-known to strongly interact with TiO 2 and ≡Ti-OH is replaced by ≡Ti-F at lower pH range (i.e. at 3-4) [38, 39] . Although F − leaves Ti atom when the pH value changes to basic condition (i.e. to [8] [9] , in this study, most of the F − coordinate Ti atoms because of a little acidic condition. Therefore, the amount of dissociated F − is too small to have an effect on the gelation of titanium alkoxide. Systematic studies on effects of anions by using a series of mineral salts to obtain transparent monolithic titania gels have not been reported so far, whereas effects of anions on ferric hydrous oxide have been investigated to obtain welldefined particle in the classical work as mentioned above [31] . Tables Table 1 Appearance Table 3 Gelation time of Ti(OPr) 4 
